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Introduction {#sec1}
============

Aliphatic polyesters and polycarbonates derived from L-lactide (LA), ɛ-caprolactone (CL), δ-valerolactone (VL), and trimethylene carbonate (TMC) are biodegradable plastics with applications in the biomedical field and food packaging and with other specialty applications ([@bib55], [@bib58], [@bib56], [@bib62], [@bib39], [@bib44], [@bib49], [@bib64], [@bib41]). Utilizing discrete metal complexes for the ring-opening polymerization of these cyclic monomers provides a great degree of control over the microstructure of the resulting polymers. In particular, neutral zinc alkoxide complexes show high activity toward the ring-opening polymerization of cyclic esters and carbonates. Due to the "living" nature of these processes, polymers with high molar mass and low dispersities are typically obtained ([@bib25], [@bib5], [@bib28], [@bib27], [@bib69], [@bib40], [@bib18], [@bib70], [@bib45], [@bib68], [@bib8], [@bib32]). In addition, utilizing zinc in polymerizations is advantageous due to the low cost, high abundance, and biocompatibility of the metal, allowing for wide application of the resulting biodegradable plastics.

The prevalent use of zinc in ring-opening polymerizations of cyclic esters and carbonates is matched by the use of hard N/O-based supporting ligands. However, only a few reports use soft donor ligands, such as phosphines, to stabilize the active zinc metal center ([@bib21], [@bib17], [@bib36]). Such interactions can be beneficial due to the hemilabile nature of the zinc-phosphine bond and may result in highly active polymerization systems. The use of redox-active ligands in combination with zinc for ring-opening polymerizations is even less common than the use of soft donor ligands despite the potential benefits ([@bib9]). Redox-active ligands provide a means of affecting the reactivity of the metal through changes in the oxidation state of the ligand. For example, in redox-switchable hemilabile ligands, the incorporation of a redox-active group into the ligand framework, in close proximity to a substitutionally labile component, allows to control the strength of the ligand-metal bond, leading to the dissociation of the ligand fragment upon oxidation ([@bib53], [@bib50], [@bib29], [@bib54], [@bib67]). In addition, the electronic and steric environment of the transition metal can be controlled without directly affecting its oxidation state ([@bib6]).

We previously reported the influence of a redox switch on the lability of \[fc(PPh~2~) (BH\[(3,5-Me)~2~pz\]~2~)\] ((fc^P,B^), fc = 1,1′-ferrocenediyl, pz = pyrazole) in a palladium methyl complex in the presence of norbornene ([@bib3]). Upon the oxidation of the ferrocene backbone, the phosphine moiety displayed hemilabile behavior, resulting in norbornene polymerization. We reasoned that using the same ligand to support a more oxophilic metal, such as zinc(II), may yield a beneficial hemilabile interaction between the phosphine and the metal in the reduced state of the supporting ligand. In this case, the oxidation of the ligand could result in the loss of the zinc-phosphine interaction, similar to redox-switchable hemilabile ligands, and in altering the reactivity of a catalyst. Recently, we described the preparation as well as the characterization of \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~ ([@bib4]). However, in the case of the reduced species, a direct zinc-phosphine interaction was not observed. Despite this finding, and because of our interest in redox-switchable catalytic processes ([@bib3], [@bib2], [@bib66], [@bib65], [@bib46], [@bib13], [@bib1], [@bib59], [@bib10], [@bib11], [@bib12], [@bib47], [@bib48], [@bib37], [@bib52]), we set out to investigate the influence of the redox state of fc^P,B^ on the zinc-mediated ring-opening polymerization of cyclic esters and carbonates. In addition, an investigation into the redox and polymerization activity of a monomeric ferrocene-chelating heteroscorpionate zinc complex, (fc^P,B^)Zn(OPh), is reported.

Results and Discussion {#sec2}
======================

Synthesis and Characterization of the Oxidized Zinc Benzoxide Complex {#sec2.1}
---------------------------------------------------------------------

We previously described the preparation and investigation of the solution state behavior of \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~ ([@bib4]). Our studies revealed that this compound retains its dimeric state before and during the ring-opening polymerization of LA and TMC. In addition, we determined that the polymerizations proceeded via a living mechanism, yielding polymers with narrow dispersities and well-controlled molar masses. However, the influence of the redox state of the supporting ligand on the activity of this compound was not investigated.

Electrochemical studies performed on \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~ show a reversible curve with a redox potential of −0.024 V versus Fc/Fc^+^ ([Figure S33](#mmc1){ref-type="supplementary-material"}), suggesting that ferrocenium salts may be used as chemical oxidants. On nuclear magnetic resonance (NMR) scale oxidation of the dimeric zinc complex with two equivalents of acetyl ferrocenium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (\[^Ac^Fc\]\[BAr^F^\]) in C~6~D~6~ results in the formation of insoluble red solids and acetyl ferrocene, with only the latter being observed by NMR spectroscopy. Reduction with one equivalent of cobaltocene (Cp~2~Co) restores the original complex, \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~, with no apparent decomposition or side products ([Equation 1](#undfig2){ref-type="graphic"}, [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}). On a larger scale, the addition of one equivalent of \[^Ac^Fc\]\[BAr^F^\] to \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~ led to the isolation of red solids. Attempts to characterize the oxidation product by NMR spectroscopy were unsuccessful; the complex is insoluble in hydrocarbon solvents and rapidly reacts with non-hydrocarbon solvents (tetrahydrofuran \[THF\], chloroform). The reaction product of THF-d~8~ with \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~\[BAr^F^\]~2~ is a paramagnetic complex, which is ^31^P NMR silent, similar to the previously reported \[(fc^P,B^)PdMe\]\[BAr^F^\]([@bib3]). The ^11^B NMR spectrum ([Figure S4](#mmc1){ref-type="supplementary-material"}) shows a minor shift from δ = −7.2 to −7.8 ppm upon oxidation. The presence of the \[BAr^F^\] counterion was confirmed by the presence of a singlet at δ = −5.9 and −63.5 ppm in the ^11^B and ^19^F NMR spectra ([Figures S4](#mmc1){ref-type="supplementary-material"} and [S5](#mmc1){ref-type="supplementary-material"}), respectively. Attempts to grow X-ray-quality crystals of the oxidized complex from various neat solvents and solvent combinations were unsuccessful, and only dark red oils were obtained. However, elemental analysis agrees with the formulation \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~\[BAr^F^\]~2~.

The lack of a signal in the ^31^P NMR spectrum of the oxidized complex prompted further investigation into the electronic state of this compound. A determination of the solution-state magnetic susceptibility using the Evans method ([@bib20]) of \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~\[BAr^F^\]~2~ was complicated by its lack of solubility in non-polar solvents and its reactivity with polar solvents. The addition of 50--150 equivalents of monomer was necessary to solubilize the catalytically active species in deuterated benzene. In particular, we looked at the effective magnetic moment of *in situ*-generated \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~\[BAr^F^\]~2~ in the presence of monomers that could be ring-opened at ambient temperature, such as TMC, VL, and CL. Due to the rapid rate of TMC and VL polymerization, by the time the samples were prepared and taken to the NMR spectrometer (10 min) the polymerization of each monomer was already complete. In the case of TMC, the initial solution state effective magnetic moment was 1.90 μ~B~ per dimer, corresponding to a single unpaired electron. Within an hour, the paramagnetic sample decayed to a diamagnetic one ([Figure S29](#mmc1){ref-type="supplementary-material"}). In the presence of VL, the effective initial magnetic moment was determined as 2.60 μ~B~, consistent with two unpaired electrons per dimer, but slowly decreased to 1.34 μ~B~ after 2.5 hr ([Figure S30](#mmc1){ref-type="supplementary-material"}). The reaction with CL is the slowest of the three monomers considered and shows the lowest degree of decay of the effective magnetic moment in solution: 3.06 μ~B~ after 10 minutes and 1.63 μ~B~ after 3.5 hr ([Figure S31](#mmc1){ref-type="supplementary-material"}). These findings suggest that \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~\[BAr^F^\]~2~ is stable in solution only during the polymerization process and are consistent with the polymerization results described below. Attempts to acquire reproducible superconducting quantum interference device (SQUID) results were unsuccessful due to the sensitive nature of the compound.

Due to the difficulty of characterizing the oxidized complex in solution, we turned to ^57^Fe Mössbauer spectroscopy on solid samples. At 77 K, with no applied magnetic field, \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~ shows a doublet with an isomer shift (*δ* = 0.54(1) mm/s) and quadrupole splitting (*ΔE*^*Q*^ = 2.34(1) mm/s) consistent with a low-spin iron(II) complex ([Figure 1](#fig1){ref-type="fig"}). Surprisingly, under the same conditions, \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~\[BAr^F^\]~2~ also displays a doublet with an isomer shift (*δ* = 0.54(1) mm/s) and quadrupole splitting (*ΔE*^*Q*^ = 2.26(1) mm/s) similar to \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~, and thus also consistent with a low-spin iron(II) complex ([Figure 1](#fig1){ref-type="fig"}). Attempts to acquire an X-band electron paramagnetic resonance (EPR) spectrum (in perpendicular mode), both in the solid and solution states, at liquid helium (7 K), liquid nitrogen (92 K), and ambient temperature (293 K), under a variety of different conditions, were unsuccessful. Similar Mössbauer and EPR spectroscopy results were reported for oxidized arylphosphinoferrocenes by Durfey et al. ([@bib19]) and were attributed to oxidation either of the phosphorus lone pair or of the aryl groups. The presence of an unpaired electron in close proximity of the phosphorus atom would be consistent with the lack of a signal in the ^31^P NMR spectrum of the oxidized complex. Ligand-based oxidations of ferrocenes, as opposed to iron, were also reported for various phenylphosphinoferrocenes ([@bib61]) and ferrocenylpyrrole ([@bib60]) species; however, the inability to observe an EPR signal for these species remains puzzling. Isolated products of chemical oxidations displayed low-spin iron(II) species, as evidenced by ^57^Fe Mössbauer spectroscopy in the case of a ferrocenylpyrrole complex, and a mix of low-spin iron(II) and low-spin iron(III) species in the case of phenylphosphinoferrocenes. However, the ^31^P NMR spectra of the oxidized phenylphosphinoferrocenes typically display broadened, but detectible signals.Figure 1Zero-Field ^57^Fe Mössbauer Spectra of \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~ and \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~\[BAr^F^\]~2~, Recorded as Solid Samples at 77 KThe solid lines are fits with Lorentzian doublets to the experimental spectra using the following isomer shifts δ and quadrupole splittings ΔE~Q~: δ = 0.54(1) mm/s, ΔE~Q~ = 2.34 mm/s, Γ~FWHM~ = 0.29(1) mm/s (left) and δ = 0.54(1) mm/s, ΔE~Q~ = 2.26(1) mm/s, Γ~FWHM~ = 0.31(1) mm/s (right).

Electronic Structure Calculations {#sec2.2}
---------------------------------

To probe further the electronic structure of \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~\[BAr^F^\]~2~, we turned to computational studies by investigating the highest occupied valence states from which the electrons are removed for the model of \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~^2+^ (see section [DFT Calculations](#sec2.6){ref-type="sec"}, for model description). However, common local and semilocal density functionals cannot address this problem due to the improper description of the highly correlated *d* orbitals in Fe. The mean field description, i.e., the *common* exchange-correlation potential in density functional theory (DFT), fails to capture the physics of the localized states due to a self-interaction error ([@bib43], [@bib34]). This leads to a spurious delocalization of orbitals and an incorrect charge transfer and oxidation energies ([@bib16], [@bib33]).

We first verified that (semi)local functionals indeed contradict the experimental data. We illustrate this by the density of electronic states obtained with the common generalized gradient approximation (GGA) functional ([@bib42]) ([Figure 2](#fig2){ref-type="fig"}). Projection of the corresponding wave functions onto the atomic orbitals reveals the character of individual states and their mutual hybridization. The top valence region (close to the HOMO at −3.3 eV) is dominated by the localized d orbitals of iron. An Fe d orbital contribution is also found in the lower energy molecular orbitals, but these do not participate energetically in the oxidation process. It is important to note that the phosphorus p orbitals are significantly separated in energy from the top valence region by as much as 0.9 eV. Hence, the GGA results suggest that the Fe atoms are oxidized, in contradiction to the experimental results.Figure 2Total Density of States *g*(*e*) for the Top Valence RegionThe highest occupied molecular orbital is indicated by a black arrow. Contributions of the atomic-like p and d orbitals of P and Fe are shown by different colors. Note that due to strong hybridization, multiple atomic orbitals contribute to each molecular state.

This conundrum was resolved by mitigating the self-interaction error of the localized states. We resorted to the established approach of correcting the DFT picture by using a site- and orbital-specific potential U derived from the Hubbard model Hamiltonian ([@bib30]). We estimated the potential for the Fe d states from first principles using linear response theory ([@bib15]) and obtained a U value of 7.7 eV. Such a high value leads to significant changes in the density of states ([Figure 2](#fig2){ref-type="fig"}). We observed that the Fe d states are pushed down in energy and significantly hybridize with the valence region below −5 eV. The frontier molecular orbitals are at −4.7 eV with a major contribution from phosphorus p states. Indeed, the highest occupied molecular orbital (HOMO) and HOMO-1 isosurfaces are found mostly around the phosphorus atoms ([Figure 3](#fig3){ref-type="fig"}).Figure 3Isosurface for HOMO and HOMO-1 of \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~^2+^Yellow and light blue coloring represents the positive and negative real parts of the wave function, respectively. For clarity, the hydrogen atoms were removed from the figure.

The ground state geometry of the molecule is different when optimized for the cation or neutral species. This leads to a slight variation of the U parameter by 0.3 eV, but the character of the top valence state is not affected: for U \> 4 eV (i.e., much smaller than the variation due to changes in the geometry), the top valence orbital becomes dominated by phosphorus p states. The GGA + U calculations thus show that Fe remains in its +II oxidation state and the phosphine groups are oxidized.

Polymerization of Cyclic Esters and Carbonates with the Zinc Benzoxide Species {#sec2.3}
------------------------------------------------------------------------------

The influence of the ligand oxidation state on the reactivity of the zinc benzoxide complex was examined through the ring-opening polymerization of cyclic esters and carbonates. Due to the difficulty in isolating and manipulating the oxidized complex, it was generated *in situ* just before use through the addition of two equivalents of \[^Ac^Fc\]\[BAr^F^\] to \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~. The role of the oxidant as a potential polymerization catalyst was ruled out based on control experiments, which showed no activity under polymerization conditions for LA, TMC, and VL ([Figures S14, S15, and S17](#mmc1){ref-type="supplementary-material"}) and only a minor conversion (\<6%) for CL ([Figure S16](#mmc1){ref-type="supplementary-material"}). In all cases, the polymerizations are well controlled with the molar masses of the resulting polymers increasing linearly with conversion, whereas the dispersity values remaining narrow ([Tables S1--S6](#mmc1){ref-type="supplementary-material"}, [Figures S47--S52](#mmc1){ref-type="supplementary-material"}).

Polymerizations of ca. 200 equivalents of LA showed a faster conversion for the reduced than the oxidized compound at various temperatures. At ambient temperature, a 60% conversion was obtained after 24 hr for the reduced species, whereas the oxidized complex reached only 17% conversion. Such a low conversion could be attributed to both the poor solubility of LA and, particularly, to the insolubility of the oxidized complex in benzene at ambient temperature. Performing the polymerizations at 70°C resulted in much shorter reaction times for both complexes ([Table 1](#tbl1){ref-type="table"}, entries 1 and 2); complete conversion was observed for the reduced complex and there was 91% conversion for the oxidized complex in 3 hr. The molar masses for the isolated polymers obtained from the oxidized and reduced complexes agree well with the corresponding theoretical molar masses. The dispersity values (*Đ*) are within the 1.00--1.15 range, suggesting that the polymerization process is well controlled.Table 1Polymerization of Cyclic Esters and Carbonates by \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~ ("Reduced") and the *In Situ*-Generated \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~\[BAr^F^\]~2~ ("Oxidized")EntryCompoundMonomerTime (min)Conversion (%)M~n~ (NMR)M~n~ (SEC)*Đ*1ReducedLA180\>991.401.381.142OxidizedLA180911.321.351.023ReducedCL30\>990.900.891.094OxidizedCL30\>991.071.061.085ReducedTMC90981.001.001.146OxidizedTMC15\>990.790.811.027ReducedVL60921.021.041.018OxidizedVL20921.011.051.04[^4]

Contrary to the LA case, the oxidation of the ligand had no observable influence on the rates of polymerization of CL ([Table 1](#tbl1){ref-type="table"}, entries 3 and 4). Polymerizations of ca. 200 equivalents of CL at ambient temperature reached completion for both the oxidized and the reduced species in 24 hr. On the other hand, carrying out the polymerizations at 70°C resulted in complete consumption of the monomer within 30 min for both compounds. Similar to LA, the molar masses of the polymers, obtained by size exclusion chromatography (SEC), from both the oxidized and reduced species agree well with the theoretical values. However, the dispersity values (*Đ*) are slightly narrower and fall between 1.0 and 1.1.

The most pronounced difference between the oxidized and the reduced compounds was observed for the polymerization of TMC ([Table 1](#tbl1){ref-type="table"}, entries 5 and 6) and VL ([Table 1](#tbl1){ref-type="table"}, entries 7 and 8). The complete conversion of ca. 200 equivalents of TMC was accomplished in under 15 min at ambient temperature utilizing the oxidized species and in up to 90 min for the reduced complex. Similarly, the conversion of ca. 200 equivalents of VL plateaus at 92% for the oxidized species after 20 min at ambient temperature, whereas the same conversion is obtained for the reduced compound after 60 min. Further conversion of VL cannot be obtained with an increased time or elevated temperatures. All polymers show excellent agreement between NMR spectroscopy and SEC molar masses and display narrow dispersity values.

Literature examples of LA and CL polymerization by zinc complexes are rather common ([@bib14], [@bib31], [@bib35], [@bib7], [@bib51], [@bib38], [@bib23]), whereas examples of TMC and VL polymerizations are not as prevalent ([@bib63], [@bib24], [@bib26]). Compared with other heteroscorpionate complexes, tris(pyrazolyl)borate complexes, and ligands with similar tripodal frameworks, both the oxidized and the reduced metal complexes display moderate activity for the polymerization of LA and CL ([@bib14], [@bib31], [@bib35], [@bib7], [@bib51], [@bib38], [@bib23]). Similarly, the reduced species shows a moderate activity toward the polymerization of TMC and VL, whereas the oxidized compound shows high activity toward the same monomers ([@bib63], [@bib24], [@bib26]).

Synthesis and Characterization of a Zinc Phenoxide Complex {#sec2.4}
----------------------------------------------------------

To investigate the possibility of redox-switchable hemilabile ligand behavior we also prepared a monomeric zinc species containing a phosphorus-zinc interaction. The addition of NaOPh to (fc^P,B^)ZnCl in methylene chloride resulted in the isolation of (fc^P,B^)Zn(OPh) as orange crystals in 79.8% yield ([Equation 2](#undfig3){ref-type="graphic"}). The solid-state molecular structure of (fc^P,B^)Zn(OPh) ([Figure 4](#fig4){ref-type="fig"}) in crystals of (fc^P,B^)Zn(OPh)⋅(Et~2~O) was determined using single-crystal X-ray diffraction. The coordination environment around the zinc center has a distorted tetrahedral geometry with a τ value of 0.88 ([@bib71]). Unlike in the case of \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~, the phenoxide ligands do not bridge, resulting in a monomeric species. However, attempts to prepare additional monomeric zinc species containing bulky aryloxide or amide groups (e.g., 2,4-di-*tert*-butylphenoxide, 2,6-dimethylphenoxide, N,N-bis(trimethylsilyl)amide) were not successful.Figure 4Molecular Structure Drawing of (fc^P,B^)Zn(OPh) from Crystals of (fc^P,B^)Zn(OPh)•(Et~2~O) with Thermal Ellipsoids at 50% Probability; Hydrogen Atoms Are Omitted for ClaritySelected distances (Å) and angles (°): O(1)-Zn(1), 1.9095(15); N(1)-Zn(1), 2.0063(17); N(3)-Zn(1), 1.9921(17); P(1)-Zn(1), 2.3984(5); N(1)-Zn(1)-N(3), 95.55(7); N(1)-Zn(1)-O(1), 115.55(7); N(3)-Zn(1)-O(1), 118.59(7); O(1)-Zn(1)-P(1), 99.79(5); N(1)-Zn(1)-P(1), 120.60(5), P(1)-Zn(1)-N(3), 107.81(5). See also [Figure S38](#mmc1){ref-type="supplementary-material"}.

Electrochemically, (fc^P,B^)Zn(OPh) shows a reversible redox event with a half-potential of −0.065 V versus Fc/Fc^+^ ([Figure S36](#mmc1){ref-type="supplementary-material"}). On an NMR scale, the oxidation of (fc^P,B^)Zn(OPh) with 1.1 equivalents of \[^Ac^Fc\]\[BAr^F^\] in C~6~D~6~ results in the formation of insoluble red solids, just like in the case of \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~. However, the complete oxidation of the starting material does not occur, and a mixture of (fc^P,B^)Zn(OPh) and ^Ac^Fc is observed spectroscopically ([Figure S22](#mmc1){ref-type="supplementary-material"}). Similarly, utilizing excess AgBF~4~ did not result in the complete oxidation of (fc^P,B^)Zn(OPh), which could still be observed as broad peaks in the ^1^H NMR spectrum due to the presence of solid silver in the sample ([Figure S23](#mmc1){ref-type="supplementary-material"}).

Polymerization of Cyclic Esters and Carbonates with the Zinc Phenoxide Species {#sec2.5}
------------------------------------------------------------------------------

Despite the lack of a robust redox-switchable behavior, we looked into the polymerization activity of (fc^P,B^)Zn(OPh). Although (fc^P,B^)Zn(OPh) is a monomeric complex, its propensity to form a dimeric species during the polymerization of cyclic esters and carbonates must be considered. Since \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~ remains a dimeric species during the ring-opening polymerization of cyclic esters and carbonates, it is worth considering that (fc^P,B^)Zn(OPh) might dimerize after a single reaction with a monomer. To test this theory, the polymerization of ca. 10 equivalents of LA in the presence of (fc^P,B^)Zn(OPh) was monitored by NMR spectroscopy ([Figure S24](#mmc1){ref-type="supplementary-material"}). The rate of polymerization is substantially slower compared with that of \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~, reaching only a 65% conversion of the 10 equivalents after 5 hr at 100°C ([Figure S25](#mmc1){ref-type="supplementary-material"}). However, after the reaction onset, the signals corresponding to (fc^P,B^)Zn(OPh) do not shift in the ^1^H NMR spectra ([Figure S24](#mmc1){ref-type="supplementary-material"}); this finding prompted a further look into the polymerization process by diffusion ordered spectroscopy. We previously used this technique to illustrate that our zinc polymerization systems show the same diffusion rate for the catalyst and the polymer ([@bib4]). However, in the present case, the diffusion rate of polylactide (PLA) was substantially different from that of (fc^P,B^)Zn(OPh), suggesting that (fc^P,B^)Zn(OPh) does not participate in the polymerization process ([Figure S26](#mmc1){ref-type="supplementary-material"}). Similar results were obtained in the case of TMC. Polytrimethylenecarbonate (PTMC) was formed at a slow rate, but no change was observed for (fc^P,B^)Zn(OPh) ([Figures S27](#mmc1){ref-type="supplementary-material"} and [S28](#mmc1){ref-type="supplementary-material"}), suggesting that an impurity or a decomposition product might be responsible for monomer conversion.

DFT Calculations {#sec2.6}
----------------

To gain a better understanding of the influence of ligand oxidation on the activity of the catalyst, we turned to DFT. All calculations were carried out with the Gaussian09 program package ([@bib22] \[see [Supplemental Information](#appsec3){ref-type="sec"} for the full reference\]) on the Extreme Science and Engineering Discovery Environment ([@bib57]). The methyl groups of the pyrazole substituents were replaced by hydrogen atoms and the phenyl groups of PPh~2~ were replaced by methyl groups to simplify the calculations (for more details about calculations, see [Supplemental Information](#appsec3){ref-type="sec"}). Lactide was chosen as the model substrate for the DFT calculations. Although DFT calculations did not describe correctly the electronic structure of \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~^2+^, the results reported below are still meaningful.

We previously reported a computational study comparing the energies of possible monomeric and dimeric structures of the zinc benzoxide complexes and showed that the dimer \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~ was more stable (by 3.3 kcal/mol) than the corresponding monomer (fc^P,B^)Zn(OCH~2~Ph) ([@bib4]). Calculations conducted at the same level of theory showed that, in the oxidized state, the dimeric species \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~^2+^ was also greatly favored (20.1 kcal/mol) over the corresponding monomer ([Figure 5](#fig5){ref-type="fig"}). This preference was maintained even after the insertion of the first lactide, with the dimeric intermediate being 12.7 kcal/mol lower in energy than the monomeric intermediate ([Figure 6](#fig6){ref-type="fig"}). These results suggest that the active species in the reactions involving the oxidized complex is a dimer, similarly to what was previously found for the reduced compound ([@bib4]).Figure 5Optimized Structures for Models of \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~\[BAr^F^\]~2~Figure 6Optimized Structures of the Product Obtained after the First Lactide Ring-Opening Event Indicating that the Dimeric Species Is More Energetically Favored than the Monomeric Species

A look at the energy surfaces of the reduced ([@bib4]) and the oxidized complexes during TMC polymerization showed a small difference between the two reactions ([Figures S53](#mmc1){ref-type="supplementary-material"} and [7](#fig7){ref-type="fig"}, respectively). The highest activation barrier for both reactions corresponds to the ring-opening step (TS~II-III~), with the activation barrier for the reduced complex being lower by 5.3 kcal/mol. Such a small difference between the two compounds is in agreement with the minor rate differences observed for the ring-opening polymerizations catalyzed by the reduced and oxidized species. These results also agree with the electronic structure calculations described above: since the oxidation of the supporting ligand is centered on the phosphine ligand, it has little impact on the rate of ring-opening polymerization due to the lack of a phosphine-zinc interaction in both the reduced and oxidized states.Figure 7Energy Profile for the Ring-Opening Polymerization of TMC Catalyzed by the Oxidized Form of the Zinc ComplexSee also [Figure S53](#mmc1){ref-type="supplementary-material"}.

Conclusions {#sec2.7}
-----------

The zinc complexes supported by a ferrocene-chelating heteroscorpionate ligand showed reversible electron transfer events during cyclic voltammetry experiments. Consequently, their applicability toward redox-switchable catalysis in the ring-opening polymerization of cyclic esters and TMC was investigated. However, \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~\[BAr^F^\]~2~ proved difficult to characterize due to its poor solubility and thermally sensitive nature. A combination of NMR and Mössbauer spectroscopies supported the existence of a paramagnetic species, but with the ferrocene iron remaining in a +2 oxidation state. A careful analysis of the electronic structure of the oxidized complex via a computational study concluded that the electron is removed from the phosphorus atom and not iron, as was originally expected.

Different polymerization rates for \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~ and the corresponding oxidized complex, \[(fc^P,B^)Zn(μ-OCH~2~Ph)\]~2~\[BAr^F^\]~2~, toward the same set of monomers were observed. The differences in the observed reactivity are attributed to the difference in charge distributions between the neutral and the cationic zinc species. More importantly, unlike in other redox-switchable systems reported by us, both oxidation states of the same pre-catalyst reacted with all the substrates investigated. This lack of selectivity is attributed to the absence of a zinc-phosphine interaction in both the reduced and oxidized states of the zinc benzoxide species and was probed via DFT calculations. However, the monomeric zinc phenoxide species, (fc^P,B^)Zn(OPh), which retains the phosphine-zinc interaction in solution, was found inactive toward the ring-opening polymerization of LA and TMC. Based on the results of this investigation, we are currently developing a monomeric zinc alkoxide species bearing a ferrocene-chelating heteroscorpionate derivative, and are interested in studying its application toward the ring-opening polymerization of cyclic esters and carbonates.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Software Availability {#appsec1}
==============================

The cif was deposited with CCDC, \#1838242. The optimized coordinates are available as an excel spreadsheet ([Data S1](#mmc2){ref-type="supplementary-material"}) and an xyz file ([Data S2](#mmc3){ref-type="supplementary-material"}) as [Supplemental Information](#appsec3){ref-type="sec"}.
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